Selective grazing by protists can profoundly influence bacterial community structure, and yet direct, quantitative observation of grazing selectivity has been difficult to achieve. In this investigation, flow cytometry was used to study grazing by the marine heterotrophic flagellate Paraphysomonas imperforata on live bacterial cells genetically modified to express the fluorescent protein markers green fluorescent protein (GFP) and red fluorescent protein (RFP). Broad-host-range plasmids were constructed that express fluorescent proteins in three bacterial prey species, Escherichia coli, Enterobacter aerogenes, and Pseudomonas putida. Micromonas pusilla, an alga with red autofluorescence, was also used as prey. Predator-prey interactions were quantified by using a FACScan flow cytometer and analyzed by using a Perl program described here. Grazing preference of P. imperforata was influenced by prey type, size, and condition. In competitive feeding trials, P. imperforata consumed algal prey at significantly lower rates than FP (fluorescent protein)-labeled bacteria of similar or different size. Within-species size selection was also observed, but only for P. putida, the largest prey species examined; smaller cells of P. putida were grazed preferentially. No significant difference in clearance rate was observed between GFP-and RFP-labeled strains of the same prey species or between wild-type and GFPlabeled strains. In contrast, the common chemical staining method, 5-(4,6-dichloro-triazin-2-yl)-amino fluorescein hydrochloride, depressed clearance rates for bacterial prey compared to unlabeled or RFP-labeled cells.
Protists graze selectively on bacteria and so may strongly influence the taxonomic composition, morphology, physiology, and metabolic capacity of bacterial communities (11, 12, 14, 23, 28, 29) . As a result, protistan bacterivory is an important determinant of natural bacterial diversity and may also strongly influence the survival of bacteria artificially introduced into environments (24) . This may be of particular concern in predicting the efficacy of bacterial bioremediation efforts and the persistence of genetically modified bacteria in the wild.
It has been proposed that grazing pressure produces morphological and compositional changes in planktonic bacterial communities by removing species and morphotypes that are less "grazing resistant" and by inducing morphological and physiological changes in pleomorphic species (1, 10, 12) . It has also been proposed that selective grazing may increase the abundance and physiological activity of certain bacterial species by removing competitors, releasing nutrients, and selecting for strains capable of increased reproductive rates (10, 21, 22, 31) . However, bacterial grazing resistance is a concept that has remained poorly defined, largely because the factors that determine prey selection are numerous, diverse, and difficult to observe directly.
Factors that have been proposed to influence grazing selection are both predator and prey specific. These include taxonomic identity, physiological condition, and feeding capacity of the predator, as well as the identity, condition, nutrient content, surface characteristics, colony-forming ability, motility, shape, and size of the prey (10, 14, 27, 32) . Of these factors, prey size and shape have been studied most extensively, in part because these parameters can be observed directly by microscopy.
Traditional microscopy-based techniques, however, have serious limitations. These methods generally require conditions that kill or otherwise alter predator and prey behavior, including fixation, staining, and mounting of cell preparations (3, 6, 25) . Most frequently prey cells are stained prior to grazing by using either chemical or immunological labeling methods (3, 6, 17, 21) . The most important and widely used labeling method has been the mortal stain, 5-(4,6-dichloro-triazin-2-yl)-amino fluorescein hydrochloride (DTAF) (21) .
Traditional microscopy methods are also time-consuming and tedious. Although automated image analysis methods promise to reduce the time and effort involved in analyzing grazing results (13, 26) , it remains difficult to obtain large numbers of observations over brief time intervals, thus limiting the effectiveness of statistical analyses. Finally, traditional microscopy methods can identify bacterial morphotypes but cannot identify specific taxa. Although the use of fluorescent in situ hybridization methods with taxon-specific oligonucleotide probes has dramatically improved this situation (13, 28) , these methods are time-consuming and still require fixation and postmortem staining of prey cells. Improved methods are needed for real-time, in vivo observation of predator-prey interactions.
Flow cytometry provides a viable alternative to microscopy for studies of protistan bacterivory (2, 8, 33) . Compared to conventional microscopy, the power of flow cytometry lies in its high operating speed for particle analysis and its capacity to measure multiple optical signals simultaneously. These optical signals can be used to identify and enumerate particle types according to their unique fluorescent and/or light-scattering properties. Applied to protistan bacterivory, optical signals may be used to rapidly detect, enumerate, and distinguish predator and prey cells in a mixed sample and to evaluate changes in these populations in real time. From these data, clearance rates may be calculated simultaneously for multiple prey types.
Using flow cytometry, predator cells typically can be distinguished from prey cells because their larger size is reflected in larger forward-scattered (FSC) light signals in correlation with distinctive side-scattered (SSC) light signals (20) . However, since many prey types have similar optical properties, it is necessary to stain prey cells with fluorescent labels to allow individual types to be distinguished from other prey types and nonprey particles.
A serious concern with regard to the use of labeled prey in bacterivory studies, however, is that the labeling method or the label itself may alter predator or prey properties or behavior, thereby altering clearance rates. This is of particular concern for DTAF labeling since this staining method kills most bacterial cells and chemically alters cell surfaces. An alternative approach to chemical staining in grazing studies is in vivo labeling by the introduction of genes expressing fluorescent proteins (FPs), e.g., green FP (GFP) or red FP (RFP), into bacterial prey species (7, 15, 18) . These proteins are expressed in the cytoplasm and so are not expected to alter the surface properties of the prey cells. Furthermore, these labels can be detected in live cells without fixation or addition of reagents that may affect predator or prey behavior.
In this investigation, flow cytometry was used to observe the grazing behavior of the heterotrophic nanoflagellate Paraphysomonas imperforata when exposed to multiple microbial prey types labeled by in vivo expression of FPs. The resulting method, here called FCM-LIVE (flow cytometry with labeling by in vivo expression of FPs), (i) allows simultaneous observation of grazing parameters for multiple prey types, (ii) uses in vivo labeling that neither kills nor significantly alters prey properties, and (iii) employs data collection methods that are amenable to automated, real-time, high-throughput data generation and analysis. The results demonstrate that grazing preference of P. imperforata is influenced by prey type, size, and condition but is not affected by GFP and RFP expression. In contrast, DTAF staining resulted in significant decrease in clearance rates compared to unlabeled or FP-labeled cells.
MATERIALS AND METHODS
Plasmid construction. Broad-host-range plasmids containing GFP or RFP genes were constructed as follows: the sequence encoding GFP (from positions 30 to 1082 numbered relative to the start of the multiple cloning site) from plasmid pQBIT7GFP (QBiogene, Carlsbad, Calif.) was excised by using HindIII/ XbaI digestion. The resulting fragment (1,052 bp) was then inserted into the HindIII/XbaI sites of the broad-host-range expression plasmid pMMB67EH (ATCC 37622) at positions 8804 and 8828 to construct plasmid pMMBGFP. The lacI q fragment of pMMBGFP was then disrupted by excision of a PvuII fragment (pMMB67EH positions 7357 to 7450 bp) to give pMMBGFP␤. The RFP coding sequence from pDsRed (Clontech, Palo Alto, Calif.) was excised by PvuII/StuI digestion (positions 55 to 1041), and the resulting 986-bp fragment was inserted into pBBR122 as described for GFP constructs above to produce the plasmid pBBRRFP. The location and orientation of all insertions were verified by restriction fragment length polymorphism analysis. Molecular recombination procedures were performed as described previously (19) . Restriction digestions were done in 50-l volumes with 0.5 U of enzyme (37°C for 2 h). Digested fragments were separated by agarose gel electrophoresis and recovered by using a QIAquick gel extraction kit (Qiagen, Valencia, Calif.) according to product protocols. Ligations were performed overnight with an insert/vector ratio of 3:1 in a 20-l mixture containing 2 U of T4 DNA ligase (New England Biolabs, Beverly, Mass.) at 16°C for cohesive ended and room temperature for blunt-ended inserts.
Transformation and preparation of prey strains. Escherichia coli BL21(DE3) (Novagen, Madison, Wis.), Enterobacter aerogenes NCDC 819-56, and Pseudomonas putida KT2442 cells were inoculated from frozen stocks (Ϫ80°C) into 2 ml of liquid Luria-Bertani (LB) medium (19) (Fisher Scientific) and were grown with shaking (250 rpm) for 12 h at 37°C (E. coli and E. aerogenes) or at 30°C (P. putida) prior to transformation.
E. coli was transformed by calcium heat shock as described earlier (19) . Competent cells were prepared by washing early-log-phase LB culture (optical density at 600 nm [OD 600 ], ca. 0.4 to 0.6) twice with 1/5 volume of ice-cold 0.1 M CaCl 2 and resuspending cells in 0.1 M CaCl 2 to 1/10 the original volume. After overnight incubation on ice, 0.1-ml portions of competent cells were mixed with 0.5 g of plasmid DNA, heated shocked at 42°C for 90 s, and then mixed with 0.9 ml of SOC medium (19) . After a 1-h incubation at 37°C with shaking (250 rpm), the transformed cells were spread onto LB plates amended with the appropriate antibiotic.
E. aerogenes was transformed by inoculating wild-type cells into 5 ml of LB medium with 1 mM MgCl 2 , followed by incubation at 30°C with shaking (250 rpm) until mid-log phase (OD ϭ ϳ0.6). Cells were then sedimented by centrifugation (8,000 ϫ g, 10 min, 4°C). The cell pellet was washed twice with 1 ml of ice-cold 0.01 M CaCl 2 , resuspended in 0.5 ml of cold CaCl 2 , and allowed to incubate for 2 h on ice. Cells were precipitated again (5,000 ϫ g, 3 min, 4°C), washed twice with 1 ml of ice-cold 10% glycerol, and resuspended in the same solution. An aliquot of 0.1 ml of the resultant competent cells were mixed with 1 g of plasmid. After a 10-min incubation on ice, the transformation mixture was frozen at Ϫ80°C for 5 min and then thawed on ice. The cells were then electroporated (15 kV, 200 ⍀, 25 F, Ϸ 4.6) by using a GenePulser electroporation device (Bio-Rad, Hercules, Calif.). Electroporated cells were gently transferred to a culture tube and allowed to stand on ice for 1 min, followed by a 3-min incubation at 37°C. SOC medium (0.9 ml) was then added, and the cells were incubated at 30°C for 1 h. Cells were then spread onto LB agar plates amended with the appropriate antibiotic.
P. putida was transformed by electroporation as described earlier (19) . Briefly, cultured P. putida cells were washed twice and resuspended in ice-cold 10% glycerol. An aliquot of 0.1 ml of competent cells was mixed with 1 g of plasmid, transferred to a prechilled electroporation cuvette, incubated on ice for 10 min, and electroporated (15 kV, 200 ⍀, 25 F, Ϸ 4.6). Electroporated cells were gently mixed with 0.9 ml of SOC medium and incubated at 30°C for 1 h before plating them on LB-ampicillin agar plates.
Transformed strains are denoted by codes for the strains (Ec for Escherichia coli, Ea for Enterobacter aerogenes, or Pp for Pseudomonas putida) with an appended suffix "-GFP" or "-RFP," to indicate the plasmid type used for transformation. Transformed bacteria were cultivated in the presence of appropriate antibiotics (50 g of ampicillin/ml for GFP strains, except Pp-GFP [see below]) or 10 g of kanamycin/ml for RFP strains. Optimum fluorescence was achieved for strain Pp-GFP after cultivation in liquid medium containing 250 g of ampicillin/ml plus IPTG (isopropyl-␤-D-thiogalactopyranoside; Sigma) at 1 g/ ml, followed by overnight growth on an LB ampicillin agar plate at 37°C and inoculation from a single plate colony to new LB liquid medium. Similarly, Ec-RFP achieved optimum fluorescence after extended incubation (48 h) at 37°C with shaking, followed by 24 h at 4°C.
Micromonas pusilla IB4 strain CCMP490 was obtained from the ProvasoliGuillard Center for Culture of Marine Phytoplankton, Bigelow Laboratory, West Boothbay Harbor, Maine, and was maintained in f/2 mineral medium (9) at 21°C with 12-h light-dark cycling (9) .
Chemical staining of prey cells. DTAF (Sigma) staining was performed according to Vazquez-Dominguez et al. (8) . Bacterial cells in mid-logarithmic phase of growth (OD ϳ0.6) were harvested by centrifugation at 5,000 ϫ g for 3 min and washed twice by resuspension with alkaline phosphate-buffered saline (0.05 M Na 2 HPO 4 -0.85% NaCl adjusted to pH 9.0) of equal volume. Cells were then resuspended in phosphate-buffered saline at 10 9 cells/ml. DTAF was added to a final concentration of 200 g/ml, and cells were allowed to incubate at 60°C for 2 h. Stained cells were washed six times by centrifugation (3,600 ϫ g for 3 min at room temperature) and resuspension in carbonate-bicarbonate buffer (0.1 M, pH 9.5).
PicoGreen staining was used to enumerate nonfluorescent wild-type prey cells.
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Cells in mid-logarithmic growth phase (OD ϳ0.6) were harvested and washed as described above and were diluted 1:1,000 with 0.2-m (pore size)-filtered seawater (FSW; obtained from the Center for Culture of Marine Phytoplankton). One milliliter of diluted bacterial cells was fixed by addition of 50 l of 37% paraformaldehyde (30 min, 4°C, in the dark), and then stained by the addition of 10 l of Pico Green stock solution (Molecular Probes, Inc., Eugene, Oreg.) for 15 min at room temperature. Microscopy. Cells were observed by using a Labophot-2 epifluorescence microscope (Nikon) by both fluorescence and transmitted light. Transformed and wild-type bacterial cells were measured with a stage micrometer (Spencer Lens Co., Buffalo, N.Y.), and protist and bacterial cells were enumerated visually with a hemocytometer (Fisher Scientific). To observe fluorescence in food vacuoles of P. imperforata, cells were immobilized by using 0.5% NiSO 4 . Fluorescence images were taken with a SPOT-2 charge-coupled digital camera (Diagnostic Instruments, Inc., Sterling Heights, Mich.). The following filter sets and settings were used for epifluoresence microscopy: (i) red filter set-exciter filter (540 to 580 nm), dichroic mirror (595 nm), and barrier filter (600 to 660 nm); (ii) green filter set-exciter filter (450 to 490 nm), dichroic mirror (480 nm), and barrier filter (510 to 550 nm); and (iii) red-green dual-wavelength filter-exciter filter (450 to 490 nm), dichroic mirror (505 nm), and barrier filter (520 nm).
Bacterivory assays. Stock cultures of P. imperforata originally obtained from D. Caron (University of Southern California) were maintained in 100 ml of L1 mineral medium (9) or organic medium (30) in 250-ml flasks without shaking at 21°C in the dark. One milliliter of culture was transferred to fresh medium at 30-day intervals. Cultures were fed with E. aerogenes aseptically washed from LB plates into L1 and pipetted into culture flasks to a final concentration of ca. 10 9 cells/ml.
Grazing trials were performed in 100-ml plastic tissue culture flasks each containing 25 ml of FSW to which predator cells were added. Final predator cell density in experimental flasks was adjusted to ϳ10 5 cells/ml. A FACScan flow cytometer (Becton Dickinson, Inc., Franklin Lakes, N.J.) equipped with a 15-mW argon laser at 488 nm and three-color fluorescence (emissions: fluorescence channel 1 [FL1], 510 to 525 nm; FL2, 560 to 590 nm; and FL3, Ͼ650 nm) was used to estimate predator cell numbers by analysis of forward-scatter (FSC) and side-scatter (SSC) optical signals. Prey cells were washed with FSW five times by centrifugation (5,000 ϫ g, 3 min at room temperature), followed by resuspension and dilution with FSW to an final estimated density of 10 6 prey cells/ml as determined by FL1/FSC optical signals.
Sampling for each grazing trial was done with at least three time points and at least three replicates for each time point. Each grazing trial included an experimental treatment flask as well as "no predator" and "no prey" control flasks, which were identical to the experimental flask except for the omission of predator or prey cells. Grazing trials were started by the addition of prey cells and were conducted in the dark at room temperature without shaking for the time intervals specified in individual experiments. At each sampling time point the flask was mixed thoroughly, and aliquots of 0.5 ml were transferred to 10-ml glass FACScan sample tubes. Tubes were weighed before and after sampling to determine the flowthrough volume. Each tube was sampled for 3 min at a sample flow rate of 10 l/s. For all experiments, the following settings were used: an SSC voltage of 300 and an amplifier gain 1.0; an FSC voltage of E00 and an amplifier gain of 1.0; and an FL1 of 550 V, an FL2 of 520 V, and an FL3 of 550 V. Counting was triggered by SSC, with a threshold voltage of 150. Sheath and sample fluids were FSW.
Before grazing analysis, prey density was determined and detector settings were optimized for each prey strain in pure culture by using the FACScan. Cultured bacteria were washed twice with phosphate-buffered saline and twice with FSW by centrifugation at 5,000 ϫ g for 3 min and then were resuspended in an equal volume of FSW prior to sampling.
The dominant hypothesis currently used to describe protistan bacterivory proposes that clearance rate is limited primarily by the frequency of prey encounters. Therefore, prey density time curves may be simulated to the kinetics of first-order reactions (8, 14, 21) . Using proper gating criteria, densities of freeliving prey cells can be extracted from FCM data. Decrease of prey densities along a time series reflects the intensity of grazing. For prey species that display rapid production or high mortality, it is necessary to subtract the change in density due to prey production and nongrazing death from the apparent prey loss to obtain accurate estimates of clearance due to bacterivory. Clearance rate (R) can be calculated according to the formula
where M is the density of predator cells, T is the time elapsed, N is the density of prey cells in experimental flasks, and C is the prey density in no-predator control flasks.
Data analysis. Flow cytometry data were saved as FCS2.0 list mode files by using CellQuest (Becton Dickinson) and were analyzed by using the WinMDI flow cytometry interface (Joseph Trotter [The Scripps Research Institute], unpublished data). Optical parameter ranges for recognition of prey and predator cells were determined empirically and were used to gate scattergrams (see Fig. 2 ) and histograms to produce plain-text readouts for predator and prey statistics. WinMDI output was analyzed by GR, a Perl program written to calculate clearance rates and signal kinetics (available online [http://phoenix.umecit.maine .edu/ϳyutao/gr]). The functions of GR include management and annotation of FCM data, clearance rates calculation, and statistical analysis of experimental data or grazing results. Analysis of variance (ANOVA) was used to calculate the probability (P) for statistically significant difference in clearance rates in dilution experiments, and Student t test (paired) was used for the remaining experiments in which more than one prey species was examined.
RESULTS AND DISCUSSION
Three bacterial species, E. coli, E. aerogenes, and P. putida were transformed with broad-host-range GFP or RFP expression plasmids pMMBGFP␤ or pBBRRFP to produce six fluorescent strains: Ec-GFP, Ec-RFP, Ea-GFP, Ea-RFP, Pp-GFP, and Pp-RFP. When cultivated in LB medium, transformed E. aerogenes, E. coli, and P. putida cells are rods of 0.6 by 1.2 m, 0.9 by 2.4 m, and 1.3 by 4.2 m, respectively (average of 100 cells as determined by using a microscope fitted with an stage micrometer) and do not differ significantly
FIG. 1. In vivo expression of RFP and GFP by genetically modified bacteria. (A) E. coli (Ec-RFP; red) and E. aerogenes (Ea-GFP; green); (B) E. coli (Ec-RFP; red) and P. putida (Pp-GFP; green). (C to F) Fluorescence of Ec-RFP (red) and Ea-GFP (green) after ingestion by a single cell of P. imperforata. (C) GFP epifluorescence image;
(D) RFP epifluorescence image; (E) phase-contrast image; (F) combined images (i.e., panels C to E). Fluorescence is observed both from distinct bacterial cells and from coalesced food vacuoles, suggesting the ongoing digestion of prey. Images were taken 3 min after the introduction of prey. Scale bars: A and B, 10 m; C to F, 1.0 m. 1) . Transformed bacteria could also be detected by the FACScan flow cytometer. The excitation and emission maxima (474-nm excitation and 509-nm emission) of the red-shifted GFP variant used in the present study matched sufficiently well with the 488-nm argon laser and the FL1 detector used by the FACScan device to allow efficient detection of all GFP transformants. However, the RFP variant (558-nm excitation and 585-nm emission) was only weakly excited by the argon laser and could be detected above background by the FL2 detector channel only for Ec-RFP, the brightest of the RFP-labeled strains. The FL2 channel also efficiently detected cells of the green alga Micromonas pusilla due to its strong red autofluorescence. Therefore, Ec-RFP or M. pusilla cells were used for all experiments requiring red-labeled prey.
Predators and fluorescent prey cells could be detected and distinguished readily by using various combinations of FSC, SSC, and fluorescent (FL1 and FL2) optical signals generated by the FACScan flow cytometer. For example, Fig. 2 demonstrates resolution of a mixed population of P. imperforata, Ec-RFP, and Ea-GFP. The P. imperforata cells could be distinguished from the bacterial prey populations by their distinct combination of FSC and SSC signals ( Fig. 2A) . This reflects the significantly larger size of P. imperforata and differences in its surface properties compared to prey cells. Due to overlap in their size ranges and surface properties, unlabeled prey cell types could not be reliably distinguished from one another by differences in their FSC and SSC signals. However, red and green fluorescent strains could easily be distinguished from predators, other prey types, and nonprey particles by using FSC and fluorescent signals: FL1 for GFP-labeled strains (Fig.  2B ) and FL2 for Ec-RFP (Fig. 2C) and M. pusilla.
Using these combined optical signals it was possible to observe grazing by P. imperforata and to calculate individual grazing rates for red-and green-labeled prey simultaneously and in real time. Significant reduction in prey density was observed for all prey types in the presence of P. imperforata. For example, Fig. 3 shows changes in density for Ea-GFP and Ec-RFP with time after the introduction of P. imperforata. Prey densities in control flasks, which received no predator cells, remained stable (Ͻ5% variation from initial values) during the total time course of the experiment (135 min), whereas prey densities declined exponentially under grazing pressure from P. imperforata. Clearance rates calculated for this experiment were 0.203 Ϯ 0.119 and 0.271 Ϯ 0.044 nl predator Ϫ1 ⅐h Ϫ1 for Ea-GFP and Ec-RFP, respectively. In all grazing trials, clearance rates for individual prey types did not vary significantly over successive time intervals examined, indicating that grazing capacity of predators was undiminished throughout the experimental periods (0 to 180 min).
Clearance rates were strongly dependent on predator culture conditions and varied widely from batch to batch of predator culture; therefore, grazing comparisons were made only within individual batches of predator culture. Clearance rates determined by FCM in this investigation (0.04 to 1.55 nl predator Ϫ1 ⅐h Ϫ1 ) were consistent with values reported in the literature (0.1 to 10 nl predator Ϫ1 ⅐h Ϫ1 ) (8, 14, 21) . Grazing could also be observed and monitored by the accumulation of FP-labeled bacteria in the food vacuoles of P. imperforata, as determined either by epifluorescence microscopy (Fig. 1) or by FACScan signals (Fig. 4) . When P. imperforata was exposed to bacteria expressing GFP or RFP, individually or in combination, fluorescence could be detected in food vacuoles within 1 min after a mixing of predators and prey (Fig. 1) . Well-defined individual prey cells, as well as coalesced fluorescent zones, were detected in food vacuoles, indicating various stages of digestion of labeled prey cells.
Rapid increase in fluorescence intensity per predator cell was observed in the first 45 min after initiation of feeding with Pp-GFP and Ec-RFP, as well as with DTAF-labeled Ea-DTAF prey cells. Accumulation of fluorescence in predator cells from both FP-labeled prey types reached an asymptote within 90 min, whereas that for the DTAF-labeled cells continued to increase throughout the 135-min time course (Fig. 4) . The observed decreases in the rates of fluorescence accumulation, however, were not accompanied by significant changes in clearance rates for all prey types. These results suggest that fluorescence was lost during the course of the experiment due to digestion of labeled prey rather than egestion or decreased ingestion of these prey cells. Given that the clearance rate for DTAF-stained cells was lower than that for FP-labeled cells, these data suggest that DTAF is not as readily degraded by P. imperforata or that Ea-DTAF cells are digested at a lower rate than those of Ec-RFP or Ea-GFP cells. An important assumption in experimental grazing systems is that labeled and unlabeled bacterial cells are equally suitable to serve as prey for the experimental predators. One type of evidence that has been presented to support the suitability of prey has been to determine whether labeled and unlabeled prey cells produce similar growth of the predator (21) . In long-term predation experiments, the growth of P. imperforata populations was statistically indistinguishable (P Ͼ 0.5 [ANOVA]) when P. imperforata was fed with wild-type E.
aerogenes cells compared to Ea-GFP and Ea-RFP (Fig. 5) . These results indicate that FP-labeled E. aerogenes strains are not significantly different from wild-type E. aerogenes with respect to suitability as prey items under the conditions examined. However, such experiments do not address prey preference since the predator is exposed to only a single prey type at a single density in each experiment.
To observe prey preference directly, clearance rates by P. imperforata were determined for two prey types presented simultaneously. Table 1 presents the results of grazing trials in which P. imperforata was presented with a single bacterial prey type (Ea-GFP or Pp-GFP cells) either alone or in combination with an equal density of algal prey (M. pusilla). Clearance rates measured simultaneously for both prey types show that in each case the bacterial prey was consumed at a significantly greater rate (P Ͻ 0.05) than the algal prey. Furthermore, the presence of algal cells had no significant effect on clearance rates for the Ea-GFP or Pp-GFP strains, indicating that the observed differences in clearance rates were due to preferential grazing for the bacterial prey types over the algal prey rather than to Although prey type had a significant influence on prey selection, selection for prey size could also be observed in the same experiments. Ea-GFP cells are similar to M. pusilla in mean lengths (ϳ1.2 and 1.8 m, respectively) and maximum lengths (ϳ1.5 and 2.0 m, respectively), while the mean and maximum lengths of Pp-GFP cells are significantly larger (4.3 and 6.0 m, respectively). Because the FSC signal is proportional to the particle size, it is possible to observe changes in the mean cell size of the bacterial population at each time point during a grazing trial. Figure 6A shows that, for Pp-GFP, the larger of the two bacterial prey types, the mean cell size, as reflected by the FSC signal, increased significantly after each time interval in the presence of the predator P. imperforata. No significant change in mean cell size was observed for Pp-GFP cells in the absence of the predator. These results suggest that smaller cells within the Pp-GFP population were consumed preferentially over larger cells. From the change in the mean cell size of the Pp-GFP population remaining after grazing, it is possible to infer the mean size of the Pp-GFP cells that were consumed during each grazing interval (Fig. 6B) . These values demonstrate that the prey cells consumed in the first and second grazing intervals were significantly smaller on average than those consumed in the third interval.
We speculate that smaller cells were consumed preferentially and that the average size of consumed cells increased only after grazing depleted the smaller size classes. In contrast, no significant change in the mean cell size was observed for the smaller prey type, Ea-GFP, suggesting that most cells of Ea-GFP fell within the prey size range preferred by P. imperforata, whereas the largest cells of Pp-GFP exceeded that range.
Another significant concern in grazing experiments that require labeling of prey cells is the possibility that labeling methods may influence clearance rates. In the competitive grazing trials described here, no significant difference in clearance rates were observed between GFP-and RFP-labeled strains of the same species or between similar-sized GFP-and RFPlabeled bacteria of different species (Table 2) . Therefore, GFP and RFP-labeled cells appear to be equivalent with respect to grazing by P. imperforata.
It is not possible to directly determine whether clearance rates for labeled cells differ from those for unlabeled cells in Thus, DTAF staining has a negative effect on clearance rate (P ϭ 0.035 [ANOVA] ) that is positively related to the ratio of labeled to unlabeled cells. The exponential model predicts no change in clearance rate with dilution of prey. Therefore, these results suggest that the observed clearance rate depression was due to a physiological response to consumption of DTAFlabeled prey. This effect is at least partially overcome by reducing the proportion of consumed cells that are DTAF labeled.
Thus, in these experiments, DTAF labeling of prey cells affected grazing in two ways: first, by altering grazing preference and, second, by reducing overall clearance rates. The cause of these effects is unclear. DTAF staining methods include a heat treatment step that kills most bacteria. It is conceivable that living cells are grazed preferentially by P. imperforata over dead cells of the same strain. Alternatively, DTAF binding to cell surfaces could negatively affect grazing selection, possibly by altering prey recognition or by some type of toxic effect. Unfortunately, it is not possible to distinguish between these alternatives with this experimental system because GFP-and RFP-labeled cells lose fluorescence after cell death (16) . Therefore, it is not possible to DTAF label live cells or to detect GFP-labeled dead cells. These results are in agreement with apparent reductions in grazing rates observed previously for DTAF-stained prey compared to live prey stained by using vital stains (6) or prey stained after consumption by the predator (3).
In conclusion, the methods described here provide the means to monitor protistan bacterivory that is, in some respects, superior to previously described methods. The results demonstrate quantifiable differences in grazing behavior of a model protist in response to differences in prey type (algal versus bacterial cells), condition (chemically stained dead cells versus live unstained or FP-labeled cells), and prey size (large versus small cells within a population composed of a single bacterial species). Moreover, multiple preference parameters, e.g., size and taxonomic type, can be observed and quantified within a single experiment. The methods are well suited for exploring, modeling, and predicting the parameters that modify the grazing behavior of protists in the wild and for predicting the influence of protistan grazing on indigenous and introduced bacterial species. Although the method as currently described is designed for microcosm studies, we suspect that similar approaches may be feasible for observation of field samples, e.g., monitoring of grazing effects on genetically modified bioremediative bacteria after release into contaminated environments (4, 5) .
